Abstract-
I. INTRODUCTION
Electrical Cell-substrate Impedance Spectroscopy (ECIS) was described by Giaever and Keese in 1986 [1] as an alternative method for experimentation in Cell Culture assays. Many works have considered the potential advantages for cell culture real-time monitoring [2, 3] , allowing to reduce greatly the cost and human effort in labs, which habitually requires to be supervised continuously and to reproduce many samples for the same assay.
The Impedance Spectroscopy (IS) measurements require a two-electrode setup, and an AC signal source for excitation at several frequencies (normally a current), i x at Fig.1 . From system voltage response, V x , it is calculated the impedance (magnitude and phase) of the two-electrode plus cell culture system at a given frequency. The impedance changes are provoked from cell adhesion to bottom surface, where cell culture is growthing, and consequently, increases with the cell number attached to bottom. In a two electrode setup, the measure impedance is dependent on the electrode technology and geometry, the electrical cell-electrode model [4] [5] [6] and the working frequency. Electrical measurements must consider the electrical model of the entire system to extract the useful information.
Circuits approaches to perform impedance measurements have been proposed elsewhere [2, 3, 7] , considering the need of "exciting" at a given frequency and "measuring" the response obtained. In experimental biology, it is worthwhile to develop measurement techniques allowing researchers to monitor the evolution of their experiments on-line, yet requiring a simple set-up. This paper aims to provide living cell essays with a simple on-line measurement facility. The core idea is the proposal of a strategy for the conversion of the Cell-Culture Under Test, CCUT into an oscillator, whose characteristic parameters (frequency, amplitude, phase, etc…) are related to the cell-culture evolution. By adding some extra external components, the "biological circuit" (formed by the CCUT plus the added electronic components) can be "forced" to oscillate. It is assumed that a modification in the CCUT will produce changes in either the frequency or the amplitude and consequently, the alteration will become observable. The reasons making attractive this approach are: its concept is very simple, it avoids the need of expensive equipment for stimuli generation, and the measurements to perform are relatively simple [8] . These characteristics open the door to extend the concept of Built-In Self Test (BIST) to biological structures. In summary, in this work, the application of OBT to biological systems is explored. An electronic (non-linear) feedback loop is used to convert the cell-electrode system into an oscillator whose oscillating parameter values (frequency, amplitude and phase) are strongly related to the cell-culture area. In this first approach, we use a simple second order band-pass filter followed from the bio-impedance and a simple comparator to establish the oscillations. The oscillating conditions are analysed using the describing-function method and validated through simulation with Simulink. Preliminary simulation results are presented.
In the following, Section II presents the electrical model employed for the cell-electrode system characterization, and the parameter related with. Section III introduces the OBT circuit approach and main circuit blocks employed for testing cell culture samples. Sensitivity curves are obtained for proposed impedance sensing method. Simulations that illustrate the agreement of the proposed technique are described at Section IV, and finally, Section V summarizes the work conclusions.
II. CELL-ELECTRODE MODEL
The impedance under test of a two-electrode system in Fig  2 ( a) has been already estimated [4] [5] [6] . In this work, it has been considered a squared gold microelectrode of 50 m side, which can be total or partially covered by cells in the culture. The fill factor (ff) parameter represent the per cent of the electrode area (A) covered by cells (A c ). Our objective is, using the electrical model for this system in Fig. 2 (b) , to obtain the cell-to-electrode area overlap (A c ) from measurements performed with proposed circuits. The magnitude and phase response for Z cell-electrode (s) can be obtained from the set-up in Fig. 2 . The R in resistor maintains the current flowing across the cell-electrode in adequate signal levels (1-20 A for cell protection, and 10-50 mV for electrode modeling constrains [6] ). The Bode plot for the bioelectronic system (magnitude and phase) is shown in Fig. 3 , where it has been considered the curves for several cell-culture occupation areas, ff (microelectrode area covered by the attached cells). Let us observe that if we consider frequency over 10 5 rad/s the system has an optimum sensitivity to ff. This means that can be correlated both, magnitude and phase response, with the fill factor parameter or cell-to-electrode overlap area, A c . Most ECIS techniques search for the best frequency response for optimum impedance characterization, and then, perform the measurements knowing the ff dependence. Usually, absolute magnitudes (Fig 3a) or normalized magnitudes are employed as sensitivity curves for this kind of impedance sensors. 
III. OBT IMPLEMENTATION
To apply OBT to Z cell-electrode measurements, the CCUT is transformed into a robust oscillator, adding some extra components. In order to force oscillations, a positive feedback loop has to be implemented. From the point of view of OBT application, it is particularly important to accurately predict the parameters of oscillation (frequency and amplitude), analytically or by means of simulations [8] [9] [10] . It is also necessary to avoid the dependence of these parameters on the saturation characteristics of the active elements, like occur in common oscillators. A solution to this problem proposes a non-linear element (a simple comparator) for the feedback loop to guarantee self-maintaining oscillations [8] [9] [10] . This non-linear element also allows a precise control of the oscillation amplitude. On the other hand, we need to guarantee a set of oscillation conditions in order to keep the nonlinear feedback loop with oscillations. A simple way to implement the oscillator is using a band-pass filter in the loop, as proposed in the general circuit block proposed in Fig. 4 .
HBP(s)
Zcell-electrode(s) Rin Vout Vout2 For the sake of simplicity, let us now set up the case of a second-order bandpass filter and a comparator with saturation levels ±V ref . This closed-loop system verifies the required premises: the system is autonomous, the nonlinearity is separable and frequency-independent, and the linear transfer function contains enough low-pass filtering to neglect the higher harmonics at the comparator output.
Choosing adequately the BPF, it can be forced that the first-order DF equation for the closed-loop system of Fig. 4 , N(a)+1/H(s) = 0, has an oscillation solution ( osc , a osc ), being osc and a osc the oscillation frequency an amplitude, respectively. The DF function will be, in this case, N(a) while H(s) is the transfer function of the closed-loop system. When the selected BP transfer function in Fig. 5, H BP (s) , it is connected in series with the SUT, H z (s), the resulting function H(s) will change as shown in Fig. 6 . The feedback-loop system performance is shown in Fig 7. Mathematically, the characteristic equation would be: 
1+N(a).H(s)
where the constant parameters ( o , Q and k o , k 1 , k 2 ) are directly related with the electrode size, technology and biological material (ff). Then, the global function expression will be given by,
H(s) = H BP (s) . H z (s)
To force the oscillations, a pair of complex poles of the overall system has to be placed on the imaginary axes. The way to determine the oscillation conditions (gain, frequency and amplitude) is solving equation (1) . This is equivalent to find the solution of this equation set. 
+ N(a) H(s) = (
There exists an oscillatory solution. As consequence, the main oscillation parameters are function of the occupied cell-culture area, as it is shown in Fig 8 for Fig. 3 ) is very small, as an electrode modelling constrain, it can be considered the secondary output (V out2 in Fig. 3 ) as potential voltage output (which value is related with the oscillation frequency), improving the dynamic range.
In this work, the above mentioned scheme to implement the oscillator is considered. The non-linear feedback element is connected to the "biological filter" to implement the oscillator. In this way, only the input and output" of the biological filter" are manipulated to perform the test allowing a low intrusion in the structure. With the aim to validate the results obtained from the above mentioned mathematical procedure, we implement the oscillators in Simulink. A comparison between theoretical predictions and simulation results let us determine that both are very similar. It can be seen that the adopted methods predict the oscillation parameters with the enough precision for the applications. The obtained results are sumarized at Table 1 for ff = 0.1, 0.5 and 0.9. An example the obtained waveforms are shown in Fig.9 (case A c /A=0.9 ).
V. CONCLUSIONS
It is presented a first approach for cell-culture monitoring by means of OBT methodology, based upon the use of the describing function technique. The proposal predicts with precision the frequency and amplitude of the oscillations and the required gain. Our simulation results using Simulink validate the predictions of the DF method. The procedure used here is easy to implement without the cumbersome handling of complex circuitry, and can be generalized and adapted to any impedance measurement problem. 
